Introduction
Chemical reactivity in the liquid phase is a subject that continues to offer many challenges to both experimental and theoretical chemists and physicists. Because of its complexity, a general comprehensive theory is lacking. Nevertheless, a variety of theories do exist, the most useful of them still being transition state theory (TST). [1] [2] [3] The main advantage of TST is the direct link of kinetics with thermodynamics, making it highly useful for studies of chemical reactivity in diverse media. The differences in reaction rates found for a reaction performed in different solvents can be straightforwardly linked to the differences in chemical potentials of the reactants (initial state, IS) and the activated complex in these solvents. [4] [5] [6] This activated complex (transition state, TS) is the structure corresponding to the highest Gibbs energy along the reaction path (excluding the reaction coordinate itself). Within TST, the problem of chemical reactivity therefore reduces to a thermodynamic problem. This is also the weak point of TST: simple mechanistic effects such as the availability of reactive configurations in the initial state disguise as a thermodynamic property.
The solvent is often a major factor of importance in governing the rates of chemical reactions. Besides pure solvents, mixtures of solvents have frequently been studied as reaction media. The most interesting mixtures are those where one of the components is water. Water has many peculiar properties, one of them being its beneficial behavior as a solvent for many organic transformations, despite obvious solubility constraints. 7 Moreover, all life processes are based upon aqueous chemistry. Many studies have been devoted to hydrophobic interactions, [8] [9] [10] [11] [12] that may occur between a cosolvent (or cosolute) and a reacting solute, thereby often stabilizing the IS with respect to the TS. For these processes, it is still unclear as to what exactly occurs at the atomic level.
In this paper, we will focus on solvent effects on reaction rates where the solvent consists of water and a low percentage of a simple, inert, monohydric alcohol. The reacting solute is an activated ester molecule, that is easily hydrolyzed in an aqueous environment (solvolysis). In general terms, the rate constants for a reaction at different concentrations of alcohol, compared to the rate at zero concentration, can be expressed as the difference in chemical potentials of the IS and the TS as caused by interactions between the IS and the TS with the alcohol. 13, 14 Alternatively, in the molecular or atomic description, one can focus on the local effects that arise upon adding the cosolute, for example, a changed local water density around the reactive center versus a changed macroscopic water activity at a lowered volume fraction of water. For this purpose, one can use molecular dynamics (MD) simulations, 15 where thermodynamic properties follow from computer simulations, based upon a simple atom-atom pair-interaction model. The evolution of atomic coordinates forms trajectories that can give insight into the molecular dynamics of the system at the atomic level. The elegance and ease-of-use makes MD a valuable tool in the study of molecular behavior of organic compounds in aqueous mixtures.
Many simulations of pure water and pure alcohol systems have been performed. [16] [17] [18] Despite the inherent simplicity of the pair-interaction potentials that are commonly used, and the fact that these were fitted to the properties of the pure components, the use of traditional combination rules for pairinteraction parameters yields an overall satisfactory agreement with experiment. [19] [20] [21] Most simulation studies of water-alcohol mixtures focus on water-methanol, [19] [20] [21] [22] [23] [24] [25] but mixtures of water and t-BuOH have also received attention. 26, 27 We have studied the influence of tert-butanol (t-BuOH) and ethanol (EtOH) as cosolutes on the neutral hydrolysis of p-methoxyphenyl dichloroacetate (MPDA) in aqueous solution. [28] [29] [30] In this water-catalyzed reaction, the activated complex ( Figure 1 ) contains two water molecules, with a proton transfer between these two water molecules being the rate limiting step. Concerted with this proton transfer, a covalent bond is formed between the nucleophilic water oxygen and the ester carbonyl carbon. The rate at which this hydrolysis occurs depends not only on the Gibbs energy of the ester but also on the activity of the water molecules involved in the reaction. The molecular picture underlying the thermodynamics was explored by two different approaches: (i) consideration of the fraction of configurations suitable for a reaction to occur and (ii) a simple model in which cosolute molecules can block one or both sides of the reaction center.
For the conversion of any single ester molecule, it is crucial that two water molecules are available, one as the nucleophile and a second one as general base. This notion is taken as the starting point for studying the influence of cosolutes on the reaction using MD simulations. If transition state effects are disregarded, changes in rate (upon adding cosolute) will be the result of changes in the number of configurations that may lead to conversion. The number of these reactive conformations (RCs), denoted by x reactive , then directly monitors the influence of cosolute on the rate.
The observed pseudo-first-order rate constant in pure water is k obs ) 2.78 × 10 -3 s -1 at 298 K. 28 The effect of alcohols on the rate of this hydrolysis reaction has been determined (Experimental Section). For low concentrations of solute and cosolute, the assumption can be made that the (co)solute molecules interact with each other independently, resulting in a linear dependence of the logarithm of the observed rate constant on the alcohol concentration. 13, 14 
Mechanistic and Thermodynamic Description
Consider the neutral hydrolysis reaction of ester E with water, with the apparent first-order rate V ) k 0 [E]. The reaction can take place by nucleophilic attack by a water molecule on either side of the Cs(CdO)sO plane. In the absence of cosolvent, both sides are available and the overall reaction is composed of two parallel reactions with rate constants 1 / 2 k 0 . In the presence of cosolvent C, an EC complex can be formed that will block one side of the plane or a CEC complex is formed with both sides blocked:
Under the simplest assumption that binding to one side is independent of the occupation of the other side, the first equilibrium has a binding constant of K and the second a binding constant of 1 / 2 K. The factor 2 results from the availability of two binding sites in the first equilibrium versus one binding site in the second. The overall reaction rate is
, and the apparent hydrolysis rate is V ) k[E] 0 . From equilibrium considerations, we find that the observed rate constant k relates to the cosolvent concentration, expressed as molality m, as It appears that this relation is approximately linear in a plot of ln k versus m. This implies that this simple mechanistic model can also be expressed as a linear dependence of the activation Gibbs function in TST on the cosolvent molality.
An alternative way of expressing the influence of C on the reaction rate is to consider the fraction x reactive of water configurations around the ester molecules (on either side of the plane) suitable for the reaction to occur. This fraction is directly accessible from MD simulations. In this work, we assume that the sole action of the cosolvent is its influence on x reactive .
Computational Details
All MD simulations were performed with the GROMACS 1.6 package, 31 using the GROMOS-87 force field 32 and the SPC water model. 33 The systems consisted of a periodic box with, besides the solute and cosolute, approximately 700 water molecules, which were coupled to a temperature bath at 298 K and a pressure bath at 1 bar with coupling constants of 0.1 and 1 ps, respectively. 34 A spherical cutoff of 1 nm was employed. Bond lengths were constrained using the LinCS algorithm. 35 Equations of motion were integrated by the Verlet leapfrog integration scheme with a time step of 2 fs. Partial atomic charges for the solute were determined by fitting them to the electrostatic potential in a solvent reaction field (AM1-SM1 36 ) and to the calculated dipole moment. 37 The molecular geometries for EtOH and t-BuOH were taken from the optimized potentials for liquid simulations (OPLS) force field. 18 Initial configurations were generated by randomly positioning the solute and cosolute molecules in the box and subsequently adding water molecules. The systems were equilibrated for 300 ps before sampling was started. Simulation lengths were typically between 1.0 and 2.0 ns, which allows time for diffusion over the average distance between solute and cosolvent molecules and therefore suffices to obtain equilibrium distributions for the solute environment.
A reactive conformation (RC) was defined as having the nucleophilic water molecule within a particular distance and angle from the carbonyl functionality (based upon possible orbital overlap during the activation process) and a second water molecule, that is acting as a general base, within a specific distance and angle from the first one (based upon conventional hydrogen bond criteria), as illustrated in Figure 2 . The carbonyl planar group is situated in the xy plane. Furthermore, the constraint r 3 > r 1 was applied; that is, the carbonyl oxygenwater hydrogen distance was greater than the carbonyl carbonwater oxygen distance. Similar criteria have been previously used for defining configurations, suitable for a reaction to 
occur. 39 Since the distance and angle criteria are not sharply defined, they were varied to study their effect on the reactive fraction x.
Results Table 1 shows the dependence of the percentage of RCs on the selection criteria. x stands for the percentage of RCs in the pure aqueous solution (x reactive ), while x′ stands for the same quantity in the t-BuOH-water mixture. Table 1 shows that, although the percentage of RCs is rather significantly dependent on the exact values of the selection criteria, the ratio is not. Changes in the maximum angle led to a variation in the ratio typically within 6%, while changes in the maximum distance led to a scattering within 10%.
The last row in Table 1 shows that the criterion r 3 > r 1 rules out a large number of RCs, while not changing the ratio x′/x. This is, however, a rather important criterion, since, without it, the nucleophilic water molecule can have a hydrogen pointing toward the carbonyl group and the reaction would not take place. We will therefore apply this criterion unless mentioned otherwise. This criterion was also previously applied 39 for the definition of an RC.
To obtain insight into the steric effect which the phenyl moiety may have on the occurrence of RCs, a correlation was defined between the position of the phenyl ring (indicated by the first arrow between the parentheses) and the position of the RC (defined by the position of the nucleophilic water molecule and indicated by the second arrow), both relative to the MPDA carbonyl plane (Figure 3 ):
For example, p(v|V) stands for the probability that the phenyl ring is located above the carbonyl plane (v), given a RC below that plane (V). r corr can range from -1 (phenyl ring and water always on opposite sides of the carbonyl plane) to +1 (always on the same side). A value of 0 indicates no correlation. No dependence of r corr on the presence of cosolute could be detected. Averaged over all the simulations, an anticorrelation of 42% was found (r corr ) -0.42 ( 0.05). This means that 29% of the RC is found on the same side as the phenyl ring and 71% on the opposite side. We conclude that the formation of any RCs is negatively affected by the steric hindrance of the phenyl ring on the side of the carbonyl plane where it resides. This effect is independent of the cosolute.
The results for a particular choice of criteria are summarized in Table 2 . The values of x′ (fraction of RCs in the wateralcohol mixture) show that the presence of cosolute significantly decreases the number of RCs. In Figure 4 , the experimental values of ln(k/k 0 ) and calculated values of ln(k/k 0 ) ()ln(x′/x)) are plotted versus the molality of alcohol. It appears that the experimentally found retardations can conveniently be explained by the decreased number of RCs, although the calculated values are invariably overestimated by a factor of ∼1.5-2. A nearly linear trend is found, as was predicted. 13, 14 The solid lines in Figure 4 are fits using the simple mechanistic model (eq 4). The corresponding binding constants are 0.54 and 1.00 for EtOH and t-BuOH, respectively, on the basis of the experimental values, and 0.75 and 1.84, respectively, on the basis of the calculations.
An attempt was made to separate effects on nucleophilic water molecules and water molecules acting as general base. x′ h1 stands for the fraction of RCs in the water-alcohol mixture where the criterion that a second water molecule should be present is left out; that is, it is assumed to be always present. The column x′/x′ h1 shows that, in close to 90% of the cases Figure 2 . r3 > r1 except in the last row. 
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To investigate the effect of the cosolute on the occurrence of any RC or, rather, on the presence of the nucleophilic water molecule, radial distribution functions (RDFs) were calculated for the t-BuOH and EtOH carbon atoms around the MPDA carbonyl carbon ( Figure 5 ). The RDFs were calculated over all simulations. The RDFs show a tendency for the cosolute molecules to reside in the vicinity of the carbonyl group, with peaks at 0.5 nm (t-BuOH) and 0.45 nm (EtOH). RDFs were also computed for RCs only. Two cases are discerned. In the first case, RDFs were calculated for only the same side of the Cs(CdO)sO plane as the nucleophilic water molecule. 38 It is expected that, for a RC to form, no cosolvent molecule can be present near the carbonyl group, and indeed, the peaks in the RDFs became significantly lower, as well as shifted by +0.05 nm. In the second case, RDFs were calculated for only the opposite side of the Cs(CdO)sO plane. If the simple blocking model is correct, the presence of a cosolute molecule near one side of the carbonyl group should not hamper the formation of a RC with the nucleophilic water molecule on the other side. However, we find that, also in this case, the peaks have lower intensity, albeit not as low as in the first case. The effect is more prominent for t-BuOH than for EtOH. The phenyl ring, that was found to be anticorrelated with the occurrence of a RC, most likely is responsible for this effect: it will transfer the occupancy by the cosolute molecule to the other side of the Cs(CdO)sO plane, because it necessarily cannot occupy the same space as the cosolute molecule. Figure 6 shows the positions of the nucleophilic water molecules, projected in the xy plane, for the pure aqueous solution and for two concentrations of t-BuOH. No correlation is found between the position of a reactive water molecule relative to the ester molecule: within the cone of the applied selection criteria, the RCs are distributed evenly. This is the case for the pure water simulation as well as in the presence of cosolute, indicating that the cosolute has no preference to bind to a specific region of the ester molecule. This is confirmed also by RDFs around different positions in the MPDA molecule.
Discussion
In a previous study, we simulated the pH-independent hydrolysis reaction in pure water. 39 A configuration involving two water molecules bound at an ionic distance, as depicted in Figure 1 , was used as the starting point, from which the reaction rate was calculated by combining a Gibbs energy calculation of an activated state prior to the proton transfer with a quantum dynamical simulation of the proton transfer rate. A rate constant of k AS ) 2.7 × 10 -2 s -1 was found. The criteria that define the starting configuration equal those applied to the RC in the current work and represent an additional entropic term in the Gibbs function, since the RC is present in the system only a fraction of the time (x reactive ). If we include this additional term in the calculation of the rate constant, using the selection parameter values from the first row in Table 1 (x reactive ) 0.146), we get an overall rate constant of k calc ) x reactive k AS ) 3.9 × 10 -3 s -1 , which is in excellent agreement with the experimentally observed value of k obs ) 2.78 × 10 -3 s -1 .
In the presence of cosolvent, the occurrence of the RC decreases because cosolvent molecules bind to the ester in a way that prevents formation of the RC. Both experimental and theoretical results are in agreement with a simple model that assumes a binding constant of K (expressed in reciprocal molal). However, the measured binding constants (0.54 and 1.00 for C ) EtOH and t-BuOH, respectively) are smaller than the binding constants predicted from simulation (0.75 and 1.84, respectively). This is most likely due to inaccuracies in the force field used, which has not been optimized for the interactions occurring in this specific application. A difference of a factor of 2 in binding constants represents <2 kJ/mol in the free energy of binding, which is an inaccuracy to be expected from unoptimized force fields. We shall briefly discuss other possible causes.
Since water is a (much) smaller molecule than ethanol or tert-butanol, simple volume exclusion would already cause an apparent binding constant when the latter is expressed as a concentration ratio (molarity, mole fraction, or molality). However, volume exclusion of water accounts for only 15% of the experimentally found rate retardation (Figure 4 ). 40 Therefore, the rate retardation is not solely due to random encounters between solute and cosolute molecules but involves an element of true binding. Volume exclusion is automatically included in MD simulations.
We have assumed that there is no effect of the cosolute on the reaction rate of the RC, once formed. This is certainly an oversimplification, and there are three possible effects. First, the activated complex from which the proton transfer to the second water molecule takes place may have a different Gibbs energy of activation, for example, by a difference in stabilization of the more polar activated state because of the reduced dielectric permittivity of the water-cosolute mixture. This would raise the activation barrier and lower the reaction rate. Another cosolute effect could be on the potential curve seen by the transferring proton: after the proton transfer, the complex is more polar and could therefore be less stabilized by the solvent in the presence of cosolute. This would also decrease the reaction rate. Finally, the potential fluctuations that drive the proton transfer could be influenced (most likely reduced) by the presence of the cosolute and also reduce the reaction rate. While all these effects need further investigation, they would lower the reaction rate and could explain a lower experimental rate compared to the rates predicted by MD. We do find the opposite, however, and conclude that these effects are small compared to the inaccuracies of the force field.
Conclusions
To our knowledge, this is the first MD study of chemical reactivity in mixed aqueous solutions. While we were able to reproduce the nearly linear relation between the logarithm of the rate constant and cosolute concentration, the absolute slope is still off by a factor of 2. However, the results prove the possibility of calculating the trends in rate retardation effects versus cosolute concentration. The results show that the prevention of nucleophilic water molecules from approaching the carbonyl functionality is the main cause of the retardations and that this is caused by alcohol molecules preferentially solvating the ester molecule. In previous work, we examined the step RC f TS in pure water in detail, separating the final reaction rate constant calculation into various classical and quantum-mechanical and dynamical contributions. 39 In the present study, we have considered an extension to that calculation, correcting for the probability of the RC, leading to satisfactory agreement with experiment.
Experimental Section
p-Methoxyphenyl dichloroacetate (MPDA) was prepared according to literature. 41 Ethanol and tert-butanol were analytical grade. Demineralized water was distilled twice in an all-quartz unit. Solutions were made up by weight and contained HCl to suppress catalysis by hydroxide ions. The pHs of the solutions were in the range 3.5-4.5.
Pseudo-first-order rate constants were determined by following the change in absorption at 288 nm for about six half-lives using a Perkin-Elmer λ5 spectrophotometer. Approximately 9 µL of a concentrated stock solution of MPDA in acetonitrile (2 × 10 -2 mol dm -3 ) was added to the reaction medium (2.5 mL) in quartz cells, thermostated to 25.0°C. Rate constants were determined using a fitting program and were reproducible to within 1%.
